Kong P, Christia P, Saxena A, Su Y, Frangogiannis NG. Lack of specificity of fibroblast-specific protein 1 in cardiac remodeling and fibrosis. Am J Physiol Heart Circ Physiol 305: H1363-H1372, 2013. First published August 30, 2013; doi:10.1152/ajpheart.00395.2013Understanding the role of fibroblasts in pathologic conditions is hampered by the absence of specific markers. Fibroblast-specific protein (FSP)1 has been suggested as a fibroblast-specific marker in normal and fibrotic tissues; FSP1 reporter mice and FSP1-Cre-driven gene deletion are considered reliable strategies to investigate fibroblast biology. Because fibroblasts are abundant in normal and injured mammalian hearts, we studied the identity of FSP1 ϩ cells in the infarcted and remodeling myocardium using mice with green fluorescent protein (GFP) expression driven by the FSP1 promoter. Neonatal and adult mouse hearts had low numbers of FSP1 ϩ cells. Myocardial infarction induced marked infiltration with FSP1-expressing cells that peaked after 72 h of reperfusion. Using flow cytometry, we identified 50% of FSP1 ϩ cells as hematopoietic cells; many endothelial cells were also FSP1
ϩ cells. Myocardial infarction induced marked infiltration with FSP1-expressing cells that peaked after 72 h of reperfusion. Using flow cytometry, we identified 50% of FSP1 ϩ cells as hematopoietic cells; many endothelial cells were also FSP1
ϩ . Increased infiltration with FSP1 ϩ cells was also noted in the pressure-overloaded myocardium. Although some FSP1 ϩ cells had fibroblast morphology, Ͼ30% were identified as hematopoietic cells, endothelial cells, or vascular smooth muscle cells. In contrast, periostin did not stain leukocytes or vascular cells but labeled spindle-shaped interstitial cells and, as a typical matricellular protein, was deposited in the matrix. CD11b ϩ myeloid cells sorted from the infarcted heart had higher FSP1 expression than corresponding CD11b-negative cells, highlighting the predominant expression by hematopoietic cells. FSP1 is not a specific marker for fibroblasts in cardiac remodeling and fibrosis. cardiac fibrosis; myocardial infarction; fibroblast; cardiac remodeling; periostin FIBROBLASTS ARE THE MOST ABUNDANT noncardiomyocytes in the adult mammalian myocardium and play an important role in cardiac homeostasis and disease (39) . In the normal heart, fibroblasts not only secrete extracellular matrix proteins and provide structural support by maintaining the interstitial matrix network but may also interact with cardiomyocytes and vascular cells transducing signals essential for preservation of cardiac function (21, 42) . Following myocardial injury, cardiac fibroblasts undergo dynamic changes and actively participate in reparative, fibrotic, and hypertrophic responses (9) by secreting structural and matricellular matrix proteins and by releasing cytokines and growth factors, thus modulating phenotype and function of cardiomyocytes and noncardiomyocytes (23, 41) . Because of their abundance in normal and injured hearts, their phenotypic plasticity, and their broad range of secreted mediators, fibroblasts have attracted significant interest as potentially critical cellular effectors of cardiac remodeling. However, understanding of their role in vivo has been hampered by the lack of a reliable and specific fibroblast marker that could be used for cell type-specific gene targeting approaches.
Fibroblast specific protein (FSP)1 (also known as S100A-4) is a member of the S100 superfamily of cytoplasmic calcium binding proteins that is expressed by fibroblasts in fibrotic tissues and has been suggested as a fibroblast-specific marker. Differential hybridization studies identified FSP1 as a filamentassociated protein that is expressed in fibroblasts but not in epithelial cells, mesangial cells, or embryonic endoderm (40) . Antisera against FSP1 identified fibroblasts in vitro and in vivo; moreover, in vitro studies suggested a role for FSP1 in mediating epithelial to mesenchymal transition (35) . In experimental models of pulmonary (25) and renal fibrosis (40) and in biopsied samples from patients with fibrotic disorders (25) , FSP1 identified interstitial fibroblasts. On the basis of these observations, transgenic mice with green fluorescent protein (GFP) expression driven by the FSP1 promoter (FSP1.GFP mice) have been used to map cell fate in fibroblast populations (47) , whereas FSP1-Cre animals have served as tools to dissect the effects of fibroblast-specific gene deletion in fibrotic and neoplastic conditions (4, 47) . However, in recent years a growing body of evidence challenged the specificity of FSP1 as a fibroblast marker, suggesting that other cell types infiltrating injured tissues, such as inflammatory macrophages (36) , dendritic cells (5), lymphocytes (26) , and vascular smooth muscle cells (8) may also express FSP1. Although FSP1 upregulation has been demonstrated in the infarcted myocardium (37) , the role of FSP1 as a fibroblast-specific marker in the injured and remodeling myocardium and its potential usefulness for fibroblast-specific gene targeting have not been studied.
Our study systematically investigates the phenotype of FSP1 ϩ cells in two models of cardiac remodeling. To identify FSP1 ϩ cells in the infarcted and pressure-overloaded myocardium, we used transgenic mice with GFP expression driven by the FSP1 promoter. Using flow cytometry and immunohistochemical staining, we found marked infiltration of the infarcted and remodeling myocardium with FSP1 ϩ cells. In the infarct, almost half of the FSP1 ϩ cells were leukocytes. Moreover, in the pressure-overloaded myocardium a large number of FSP1 ϩ cells were identified as endothelial cells, inflammatory leukocytes, and arteriolar smooth muscle cells. Our studies suggest that FSP1 is not a specific marker for cardiac fibroblasts in the remodeling myocardium. In contrast, the matricellular protein periostin was predominantly localized in spindle-shaped interstitial cells with myofibroblast morphology and was not expressed by inflammatory or endothelial cells. Our findings discourage the use of FSP1 as a marker for cardiac fibroblasts and raise major concerns regarding the usefulness of FSP1-Cre animals as a tool for fibroblast-specific gene targeting in vivo.
MATERIALS AND METHODS

Animal protocols.
All animal studies were approved by the Institutional Animal Care and Use Committee at Albert Einstein College of Medicine. Transgenic reporter FSP1.GFP mice were purchased from Jackson Laboratories (strain number: 012893, background: C57BL/6N). Two-to four-month-old mice (18.0 -24.0 g body wt) were anesthetized with inhaled isoflurane (2%) and underwent reperfused myocardial infarction protocols using a closed-chest model of coronary occlusion and reperfusion as previously described (12) . Use of the closed chest model allows us to study the postinfarction inflammatory response while avoiding the confounding effects of surgical trauma and inflammation. The left anterior descending coronary artery was occluded for 1 h and then reperfused for 3 days (n ϭ 9) or 28 days (n ϭ 4). Control hearts were harvested from uninjured FSP1.GFP mice (n ϭ 13). To examine whether FSP1 ϩ cells infiltrate the myocardium during neonatal remodeling, uninjured hearts from 13-day-old mice were also harvested (n ϭ 4). At the end of the experiment, hearts were used for flow cytometry (control, n ϭ 5; and 3 days reperfusion, n ϭ 5) or for histological studies (control, n ϭ 8; 3 days, n ϭ 4; and 28 days, n ϭ 4).
To identify FSP1 ϩ cells in the pressure-overloaded myocardium, 2-to 4-mo-old FSP1.GFP reporter mice were anesthetized with inhaled isoflurane and then underwent transverse aortic constriction (TAC) protocols for 7 or 28 days as previously described (45, 46) . Briefly, a 6 -0 suture was tied twice around a blunt 3-mm segment of a 27-gauge needle, which was positioned adjacent to the aorta and was removed after placement of the ligature. The severity of pressure overload was assessed by measuring right-to-left carotid artery flow velocity ratio after constricting the transverse aorta. Only mice with a flow ratio from 5:1 to 10:1 were used for analysis. At the end of the experiment, hearts were used for flow cytometry (7 days of TAC, n ϭ 5) or for histological studies (7 days TAC, n ϭ 6; and 28 days TAC, n ϭ 5). Uninjured adult hearts (4 mo of age) from FSP1.GFP mice were used as controls (flow cytometry, n ϭ 5; and histology, n ϭ 8).
Immunohistochemistry, histology, and quantitative histologic analysis. At the end of the experiment hearts were removed, fixed with zinc formalin for 48 h, and embedded in paraffin. Serial sections from paraffin embedded hearts cut at 5-m intervals were stained with rabbit anti-GFP antibody (Cell Signaling), rabbit anti-periostin antibody (Abcam), and mouse anti-␣-smooth muscle actin antibody (␣-SMA; Sigma, St. Louis MO). Staining was performed with a peroxidase based technique using the Vectastain Elite rabbit kit for GFP, the Mouse to Mouse (MOM) kit for ␣-SMA, and the Ultravision LP kit (Thermo Scientific) for periostin. Quantitative assessment of FSP1 cell density was performed by assessing the density of FSP1 ϩ cells in the infarct, the neighboring viable subepicardial and subendocardial myocardium (peri-infarct area), and the noninfarcted remote posterior septum (remote area). Three fields from each one of the three different areas for the infarcted sections and nine fields from the control and TAC animals were used for quantitation. Density was expressed as cells per millimeter squared.
Isolation of noncardiomyocytes from control, pressure-overloaded, and infarcted hearts and flow cytometry. Single cell suspensions were obtained from control (n ϭ 5), infarcted (3 days of reperfusion, n ϭ 5), and pressure overloaded hearts (7 days TAC, n ϭ 4). Briefly, heart tissue was minced and placed into a cocktail of 0.25 mg/ml Liberase Blendzyme 3 (Roche Applied Science), 20 U/ml DNase I (SigmaAldrich), 10 mmol/l HEPES (Invitrogen), and 0.1% sodium azide in HBSS with Ca2 ϩ and Mg2 ϩ (Invitrogen), and shaken at 37°C for 20 min. Subsequently cells were passed through 40-m nylon mesh and centrifuged (10 min , 200 g, 4°C) . Finally, cells were reconstituted with staining buffer (d-PBS without Ca2 ϩ and Mg2 ϩ , 2% FBS, and 0.1% sodium azide) and total cell numbers were determined with trypan blue (Mediatech). The resulting single-cell suspensions were washed with HBSS supplemented with 0.2% (wt/vol) BSA and 1% (wt/vol) FCS and centrifuged. Cells were stained and analyzed using flow cytometry as previously described by our laboratory (10) . The following dyes and antibodies were used: LIVE/DEAD Fixable Violet Dead Cell Stain single-color dyes (Invitrogen), APC-Cy7-conjugated anti-CD45, Alexa Fluor 700-conjugated anti-CD3 (both from BD Phamingen), PerCP/Cy5.5-labeled anti-CD31, PE/Cy7-labeled anti-F4/80 (both from Biolegend), and Cy3-conjugated anti-␣-SMA (Sigma). Stained single cells were resuspended in staining buffer and immediately analyzed with a Becton Dickinson LSRII flow cytometer (BD Biosciences).
Harvesting of CD11b ϩ myeloid cells and CD11b-negative nonmyeloid cells from control and infarcted hearts. Macrophages and fibroblasts were isolated from control and infarcted hearts (CD11b-negative control, n ϭ 5; macrophages control, n ϭ 7; CD11b-negative infarct 24 h, n ϭ 8; CD11b-negative infarct 7 days, n ϭ 8; macrophages infarct 24 h, n ϭ 8; and macrophages infarct 7 days, n ϭ 8) for RNA extraction as previously described (10) . Briefly, single cell suspensions were obtained from infarcted hearts (1 h ischemia followed by 24 h or 7 days of reperfusion) or healthy hearts as described in Isolation of noncardiomyocytes from control, pressure-overloaded, and infarcted hearts and flow cytometry. Cells were reconstituted with staining buffer (d-PBS without Ca2 ϩ and Mg2 ϩ , 2% FBS, and 0.1% sodium azide) and total cell numbers were determined with trypan blue (Mediatech). The resulting single-cell suspensions were washed with HBSS supplemented with 0.2% (wt/vol) BSA and 1% (wt/vol) FCS and centrifuged. Single cells were resuspended in a special MACS buffer containing PBS pH 7.2, 0.5% BSA, and 2 mM EDTA; incubated with CD11b ϩ microbeads (Miltenyi Biotec) 10 l/10 7 cells at 4°C for 15 min; and then washed once and centrifuged. Resuspended cells went through a MACS Column (Miltenyi Biotec) set in a MACS Seperator (Miltenyi Biotec). Unlabeled cells that passed through were collected and washed once with PBS as the CD11b-fraction. These CD11b Ϫ cells were harvested for further experiments. The magnetically labeled CD11b ϩ cells were retained on the column. Approximately 2 ml of MACS buffer were applied onto the column. Cells were flushed out by firmly pushing the plunger and collected into a tube.
RNA extraction and quantitative PCR. Total RNA was extracted from CD11b ϩ and CD11b-negative cells harvested from control and infarcted hearts, mRNA was reverse transcribed and amplified using the EvaGreen Supermix reagent and the C1000 thermal cycler apparatus from BIO-RAD following the manufacturer's instructions. The housekeeping gene GAPDH was used as internal control. Primers used were as follows: periostin (forward: 5=-CCTGGATTCTGA-CATTCGCA-3= and reverse: 5=-CCATGCCGTGTTTCAGGTCC-3=), FSP1 (forward: 5=-TGTAATTGTGTCCACCTTCC-3= and reverse: 5=-GCTCATCACCTTCTGGAATG-3=), and 18S (forward: 5=-TCAG-ATACCGTCGTAGTT-3= and reverse: 5=-CTTTAAGTTTCA-GCTTTGCA-3=). The quantitative PCR procedure was repeated for three times in independent runs; expression levels were calculated using the ⌬⌬Ct method.
Statistical analysis. Statistical analysis was performed using ANOVA followed by t-test corrected for multiple comparisons (Student-Newman-Keuls). Data are expressed as means Ϯ SE. Statistical significance was set at 0.05.
RESULTS
Periostin, but not FSP1, is expressed in interstitial cells during neonatal cardiac remodeling.
We used FSP1.GFP reporter mice to identify cells expressing FSP1 in uninjured mouse hearts. Because during the neonatal period, there is a significant increase in the number of myocardial fibroblasts (corresponding to the stage of neonatal cardiac remodeling), we studied both neonatal hearts (2 wk of age) and adult mouse hearts (3-4 mo of age). In the neonatal heart, no FSP1
ϩ cells were present in the myocardium (Fig. 1A) ; in contrast, immunohistochemical staining identified a large number of interstitial cells expressing periostin (Fig. 1B) . The adult mouse heart contained relatively few FSP1 ϩ cells (predominantly endothelial and perivascular cells) and had practically no periostinpositive cells (Fig. 1, C and D) .
FSP-1 ϩ cells infiltrate the infarcted myocardium. The reperfused infarcted myocardium exhibited intense infiltration with FSP1 ϩ cells after 72 h of reperfusion (Fig. 2, A, B, D , and E). During scar maturation (28 days of reperfusion), FSP1 ϩ cells became less abundant (Fig. 2, C-E) . Most FSP1 ϩ cells in the infarct were round, resembling leukocytes; occasional FSP1 ϩ cells had spindle-shaped, fibroblast-like morphology (Fig. 2D) . In contrast, border zone cardiomyocytes did not express FSP1. Quantitative analysis showed that FSP-1 ϩ cells also accumulate in the peri-infarct area but not in the remote remodeling myocardium (Fig. 2E) .
The majority of FSP1 ϩ cells in the infarcted myocardium are not myofibroblasts but are identified as hematopoietic cells or endothelial cells. Flow cytometry and serial section immunohistochemistry were used to determine the cellular identity of FSP1 ϩ cells infiltrating the infarcted myocardium. Flow cytometric analysis showed that in the control heart the majority of FSP1 ϩ cells were CD31 ϩ endothelial cells or ␣-SMAexpressing smooth muscle cells (Table 1) . After 72 h of reperfusion, the number of FSP1 ϩ cells showed a 34-fold increase when compared with control myocardium (Table 1 and Fig. 3A) . The marked increase in FSP1 ϩ cell numbers was due to influx of FSP1 ϩ /CD45 ϩ hematopoietic cells that accounted for almost 50% of the FSP1 ϩ population (Table 1 and Fig. 3B ). Although CD3 ϩ lymphocytes were only 1.3% of FSP1 ϩ cells in the infarct, they exhibited a marked 66-fold increase compared with control hearts. Marked increases in the number of FSP1 ϩ / CD31 ϩ endothelial cells (Table 1 and Fig. 3C ) and FSP1 ϩ / F4/80 macrophages were also noted (Table 1 and Fig. 3D ).
Only 4% of FSP1 ϩ cells were identified as ␣-SMA-expressing cells (myofibroblasts or smooth muscle cells). Immunohistochemical identification of FSP1 ϩ cells supported the flow cytometric findings, suggesting lack of specificity of FSP1 for fibroblasts, as vascular endothelial cells in infarct vessels were also strongly FSP1 ϩ (Fig. 3E) . In contrast, periostin immunohistochemistry of infarcted hearts stained spindle-shaped cells with morphological characteristics of myofibroblasts but did not label endothelial cells (Fig. 3F) . ␣-SMA ϩ smooth muscle cells in intramyocardial coronary vessels (Fig. 3G) did not express FSP1 (Fig. 3E) and periostin (Fig. 3F) . FSP1 ϩ cells infiltrate the pressure-overloaded myocardium. In pressure-overloaded hearts, FSP1 ϩ cells were identified in the cardiac interstitium after 7 and 28 days of TAC (Fig. 4) . The time points were selected to study the early hypertrophic phase (7days) and late dilative phase (28 days) of cardiac remodeling following pressure overload (46) . FSP1
ϩ cells had morphological characteristics of fibroblasts (spindle-shaped morphology), leukocytes (round morphology), or endothelial cells (Fig. 4D) . In contrast, cardiomyocytes did not express FSP1. Quantitative analysis demonstrated a significant increase in FSP1
ϩ cell density after 7 days of TAC (Fig. 4E) ; however, the number of FSP-1-expressing cells in pressure-overloaded myocardium was significantly lower than in healing infarcts.
Identification of FSP1 ϩ cells in the pressure-overloaded myocardium. Flow cytometry was used to study the cellular identity of FSP1 ϩ cells in the pressure-overloaded myocardium after 7 days of TAC. When compared with control heart, the pressure overloaded myocardium showed a 5.6-fold increase in the number of FSP1 ϩ cells; about 17% of FSP1 ϩ cells were identified as CD31 ϩ endothelial cells, whereas 13% were hematopoietic cells (Fig. 5 ϩ cells infiltrating the pressure-overloaded myocardium (almost 60%) could not be identified with any of the cell-specific markers. Immunohistochemical staining of sections from pressure- overloaded hearts demonstrated that vascular smooth muscle cells in large myocardial arterioles and intramyocardial coronaries (identified through serial section staining for ␣-SMA) had intense upregulation of FSP-1 expression. In contrast, periostin did not stain vascular smooth muscle cells but identified spindle-shaped interstitial cells with morphological characteristics of fibroblasts and, as a typical matricellular protein, was incorporated into the extracellular matrix (Fig. 5) .
FSP-1 is highly expressed in CD11b ϩ myeloid cells but not in CD11b-negative cells, harvested from the infarct, whereas periostin is markedly upregulated in the CD11b-negative fraction. CD11b ϩ myeloid cells and CD11b-negative (nonmyeloid) cells were harvested from control hearts and from infarcted myocardium after 24 h and 7 days of reperfusion. Control CD11b-negative cells had very low expression of periostin and FSP1 mRNA. CD11b-negative cells harvested from the infarct exhibited marked increase in periostin mRNA expression but only a modest increase in FSP1 mRNA levels after 24 h of reperfusion (Fig. 6, A and B) . Periostin mRNA expression remained low in CD11b ϩ myeloid cells harvested after 24 h of reperfusion but significantly increased in cells isolated after 7 days of reperfusion (Fig. 6A) . CD11b ϩ cells isolated from control hearts and infarcts had high levels of FSP1 mRNA expression (Fig. 6B) .
DISCUSSION
Almost 20 yr ago, identification and characterization of FSP1 as a novel intracellular protein specifically expressed in Fig. 2. FSP1 .GFP reporter mice were used to identify FSP1 ϩ cells in the infarcted myocardium. Anti-GFP immunohistochemistry was performed in control heart (A) and infarcted myocardium after 3 
days of reperfusion (B and D) and after 28 days of reperfusion (C). After 72 h of reperfusion, abundant FSP1
ϩ cells are found in the infarcted heart (B, arrows). After 28 days of reperfusion, the mature scar contracts significantly and contains a lower number of fibroblasts generated considerable enthusiasm regarding its potential usefulness in mapping cell fate among fibroblasts and in studying the consequences of fibroblast-specific gene targeting in tissue homeostasis and in disease. Several high-profile studies have used FSP1 as a fibroblast-specific marker to investigate the role of fibroblasts in pathophysiology of disease through the development of fibroblast-specific knockout mice (4) or to study the origin of fibroblasts in fibrotic conditions (47) . Recently, concerns were raised regarding the specificity of FSP1 as a fibroblast marker in hepatic and renal fibrosis (26, 36) . Osterreicher et al. (36) demonstrated that in fibrotic liver FSP1 does not identify fibroblasts but labels a proinflammatory subpopulation of macrophages. Our study reports for the first time that FSP1 is not a specific marker for fibroblasts in the remodeling myocardium. In two distinct mouse models of cardiac fibrosis, FSP1 was primarily expressed by hematopoietic and vascular cells and was not specific for myofibroblast populations.
Periostin, and not FSP-1, labels interstitial cells in neonatal cardiac remodeling.
During the neonatal period, transition from the embryonic to the adult circulation increases intracardiac pressures and activates an adaptive myocardial response, resulting in increased thickness and stiffness of the left ventricular wall (6, 7) . Neonatal cardiac remodeling is associated with a twofold increase in the number of interstitial fibroblasts (6); these cells transiently express periostin (33) and may be responsible for expansion of the interstitial collagenous network. Using immunohistochemical techniques, we identified abundant periostin-positive cells in the neonatal mouse heart; however, these cells did not express FSP1 (Fig. 1) . FSP1 ϩ cells in the infarcted myocardium. Myocardial infarction triggers an inflammatory cascade that ultimately re- Table 1 . E-G: serial section immunohistochemical staining of reperfused infarcts for GFP to identify FSP1 ϩ cells (stained with a peroxidase-based technique and developed with DAB, brown; E), with an anti-periostin antibody (stained with the Ultravision LP kit, red; F) and with an antibody against ␣-smooth muscle actin (␣-SMA; G, brown). Note that vascular endothelial cells are positive for FSP1 (E, arrows). In contrast, periostin immunohistochemistry does not stain the endothelium but labels a large number of spinde-shaped interstitial cells (F, arrows) and, as a typical matricellular protein, is deposited in the matrix. G: ␣-SMA immunostaining identifies smooth muscle cells (arrowheads) and myofibroblasts (arrows) in the infarct. Vascular smooth muscle cells in the media of intramyocardial coronary vessels did not stain for FSP1 and periostin (arrowheads).
sults in formation of a scar (17) . Repair of the infarcted myocardium can be divided into three distinct, but overlapping phases: the inflammatory phase, the proliferative phase, and the maturation phase (15) . During the inflammatory phase, dying cardiomyocytes release danger signals, inducing cytokine and chemokine upregulation in the infarct through activation of innate immune mechanisms (43) . Induction of chemokines, such as monocyte chemoattractant protein-1/CCL2, mediates recruitment of proinflammatory mononuclear cell into the infarcted myocardium that has prominent phagocytotic properties and clears the infarct from dead cells and matrix debris (32), (13) . Removal of apoptotic leukocytes from the infarct marks the end of the inflammatory phase as proinflammatory signaling is suppressed and the infarct is infiltrated by myofibroblasts and vascular cells. During the proliferative phase activated myofibroblasts secrete matrix proteins (11, 14, 44) , while vascular cells form a rich microvascular network that provides oxygen and nutrients to the metabolically active wound (18) . As the scar matures, myofibroblast numbers in the infarct decrease and most of the infarct neovessels regress. Our experiments demonstrated that infiltration of the infarct with FSP1 ϩ cells peaks during the proliferative phase of healing (Fig. 2) . Although occasional FSP1 expressing cells were interstitial spindle-shaped cells with fibroblast-like morphological characteristics (Fig. 2D) , and fibroblasts isolated from the infarct expressed FSP-1 (Fig. 6) , the majority of FSP1 ϩ cells in the infarcted heart were identified as hematopoietic cells or endothelial cells and only a small percentage (1.3%) expressed the myofibroblast marker ␣-SMA. Flow cytometric analysis demonstrated that almost 50% of FSP1 ϩ cells in the infarcted heart were CD45 ϩ hematopoietic cells; a small proportion of these cells were identified as F4/80-expressing macrophages (Table 1 and Fig. 3) . Because progenitor cells of hematopoietic origin may differentiate into fibroblasts contributing to the development of cardiac fibrosis (19, 31) , a small fraction of the CD45 ϩ /FSP1 cells may represent blood-derived fibroblast progenitors. FSP1 expression was also observed in endothelial cells (Table 1 and Fig. 3 ) and in CD3 ϩ lymphocytes (Table 1 ) infiltrating the infarct. Cardiomyocytes in the infarct border zone and in the noninfarcted remodeling myocardium did not express FSP1. In contrast to our observations, Schneider et al. (37) have previously demonstrated FSP1 immunoreactivity in border zone cardiomyocytes in a rat model of myocardial infarction. The absence of FSP1 staining in infarct cardiomyocytes in FSP1.GFP reporter mice suggests that the previously reported immunohistochemical findings may reflect binding of FSP1 protein to injured cardiomyocytes. After 28 days of reperfusion, the number of FSP1 ϩ cells significantly decreased, reflecting resolution of the inflammatory infiltrate and apoptosis of mesenchymal cells in the mature scar. FSP1 ϩ cells in the fibrotic pressure-overloaded myocardium. Fibroblast activation and expansion of the cardiac interstitium through deposition of matrix proteins are hallmarks of the myocardial response to pressure overload (20, 27, 45) . FSP1 ϩ cells infiltrated the pressure-overloaded myocardium after 7 days of TAC (Fig. 4 and Table 1 ); however, their absolute number and cell density was markedly lower than in infarcted hearts ( Fig. 4 and Table 1 ). Although some FSP1 ϩ cells in the fibrotic heart had morphological characteristics of myofibroblasts (Table 1 and Fig. 4D ), flow cytometric analysis demonstrated that almost 13% of FSP1-expressing cells were CD45 ϩ hematopoietic cells (Fig. 5 and Table 1 ) and only 8% expressed the myofibroblast marker ␣-SMA. Vascular cells in the pressure-overloaded myocardium also expressed FSP1. The absolute number of myocardial endothelial cells expressing FSP1 almost doubled after 7 days of TAC, as almost 17% of the FSP1 ϩ cells in pressure overloaded heart were identified as CD31 ϩ endothelial cells (Figs. 4D and 5 and Table 1 ). After 28 days of TAC, intense FSP1 staining was noted in arteriolar smooth muscle cells (Fig. 5E ), suggesting that FSP1 protein expression may be induced in coronary arterioles in response to chronic exposure to a pressure load. Similarly, previous investigations in porcine and human coronary arteries demonstrated negligible expression of FSP1 in normal vessels but showed marked upregulation in smooth muscle cells following vascular injury (8) . Interestingly, almost 60% of the FSP1 ϩ cells infiltrating the pressure-overloaded myocardium could not be identified with any of the markers used. These nonhematopoietic, nonendothelial cells may be quiescent fibroblasts or pericytes. In comparison, in the infarcted myocardium only 40% of FSP1 ϩ cells were not labeled with any of the antibodies, reflecting the higher number of FSP1-expressing inflammatory cells recruited into the infarct.
Periostin as a fibroblast-specific marker. Periostin is a matricellular protein that binds to the structural matrix and modulates cellular phenotype through integrin-mediated actions (16, 33) . Periostin is highly expressed in the embryonic myocardium, and is absent from cells of cardiomyocyte lin- Table 1 . Serial section immunohistochemistry in pressure-overloaded hearts after 28 days of TAC with an anti-EGFP antibody to identify FSP1 ϩ cells (E, developed with DAB showing positive cells in brown color), with an anti-periostin antibody (F, red) and with an antibody to ␣-SMA that labels smooth muscle cells and myofibroblasts (G, brown). After 28 days of TAC, FSP1 expression is noted in ␣-SMA ϩ myocardial arterioles (E-G, arrows). In contrast, periostin staining does not label vascular smooth muscle cells but is localized in ␣-SMA ϩ myofibroblasts (F and G, arrowheads) and, in a typical matricellular manner, in the interstitial matrix (F, arrows).
eage, but is localized in cardiac mesenchymal cells (22, 24) . In adult hearts, periostin expression is very low; however, cardiac remodeling is consistently associated with induction of periostin in fibroblasts. Other mesenchymal cell types have been reported to express periostin upon stimulation. Periostin is not expressed by unstimulated smooth muscle cells but is markedly upregulated following vascular injury (28 -30) . Our experiments in both normal (Fig. 1 ) myocardium and in remodeling hearts (Figs. 3-4) suggest that intramyocardial coronaries in the infarcted and pressure-overloaded myocardium (Figs. 3-4) do not exhibit periostin immunoreactivity. Studies using periostin null mice have documented the critical role of periostin in activation of fibroblasts (34, 38) in myocardial infarction and in fibrosis induced by pressure overload. Because of the relatively specific localization of periostin in injury site fibroblasts, periostin-Cre-mediated gene deletion has been used to study the effects of fibroblast-specific gene targeting (41) . Our study provides further support for the use of periostin as a marker of activated fibroblasts in the remodeling myocardium. In neonatal cardiac remodeling, periostin staining labeled abundant interstitial cells with morphological characteristics of fibroblasts; in contrast, periostin expression was negligible in normal adult mouse hearts (Fig. 1) . In infarcted and pressureoverloaded myocardium, periostin staining identified spindleshaped fibroblast-like cells, without labeling endothelial or vascular smooth muscle cells (Figs. 4 and 5) . As a typical matricellular protein, periostin was also deposited in the interstitial matrix (Fig. 5) . Because of its absence in normal cardiac matrix, the presence of periostin in the cardiac interstitium may be a specific indicator of active cardiac remodeling.
The specificity of periostin for fibroblasts was supported by experiments in sorted CD11b ϩ myeloid cells and in CD11b-negative nonmyeloid cells harvested from control and infarcted hearts. After 24 h of reperfusion, periostin mRNA was markedly induced in the CD11b-negative fraction but not in hematopoietic cells; in contrast, FSP1 mRNA was highly expressed by myeloid cells at all time points (Fig. 6) . Interestingly, myeloid cells harvested at 7 days had periostin expression. Because periostin is not normally expressed by myeloid cell populations, the finding may reflect recruitment and differentiation of fibrocytes, a circulating CD11b ϩ subpopulation of monocytic cells, capable of differentiating into fibroblasts (1). The contribution of circulating progenitors in cardiac fibrosis has been suggested by experimental studies in a mouse model of nonreperfused myocardial infarction (31) and in ischemic fibrotic cardiomyopathy (19) .
Implications of the findings for fibroblast identification and fibroblast-specific targeting in cardiac pathologic conditions. Our findings have important implications regarding the choice of markers to identify fibroblasts and to study the role of fibroblast-specific signaling in cardiac remodeling and fibrosis. In experimental models of infarction and pressure overloadinduced fibrosis, FSP1 is not specific for fibroblasts but identifies subpopulations of inflammatory leukocytes and vascular cells. Thus the study of FSP1 reporter mice to investigate the fate of cardiac fibroblasts and use of FSP1-Cre driven gene deletion to dissect the consequences of fibroblast-specific gene targeting are of limited value in understanding the pathobiology of cardiac disease. Periostin-Cre mice, on the other hand, may be a useful tool for genetic manipulation of activated injury-site fibroblasts. However, considering the negligible expression of periostin in normal hearts, these animals are of limited value for targeting gene expression in normal cardiac fibroblasts. Mice with inducible Cre under the control of a regulatory sequence from the pro␣2(I)collagen gene (48) have been used to investigate fibroblast-specific effects in models of wound healing and fibrosis; however, there is no information on their use to study the pathogenesis of cardiac fibrotic remodeling. Recently, Acharya et al. (3) have identified the transcription factor Tcf21, as a marker of cells committed to the cardiac fibroblast lineage and as an essential mediator in development of cardiac fibroblasts. Mice expressing an inducible Cre from the Tcf21 locus (2) may prove a useful tool for studies examining the role of fibroblast-specific signaling in cardiac homeostasis and disease. However, systematic inves- control CD11b ϩ cells). Periostin expression levels in cardiac CD11b-negative cells are significantly higher than in myeloid cells at the same time point (*P Ͻ 0.05 vs. corresponding CD11b ϩ cells). B: FSP1 expression is very low in nonmyeloid cells harvested from control hearts, but is increased significantly in nonmyeloid cells isolated after 24 h of reperfusion (**P Ͻ 0.01 vs. control). CD11b ϩ myeloid cells from control hearts exhibit high FSP1 mRNA expression, at levels significantly higher than corresponding nonmyeloid cells ( ٙ P Ͻ 0.05). Myeloid cells isolated from infarcts after 7 days of reperfusion also have significantly higher levels of FSP1 mRNA expression than corresponding nonmyeloid cells. tigation of Tcf21 expression in cardiac pathologic conditions has not been performed. Identification of new and specific fibroblast markers is urgently needed to advance understanding of the pathogenesis of cardiac fibrosis.
